The single-layer black phosphorus is characteristic for its puckered structure that leads to plenty of anisotropic properties. Through the molecular mechanics computation, we show that the elastic bending modulus is 112 eV in the zigzag direction and 106 eV in the armchair direction for the single-layer black phosphorus, so this quantity is only weakly anisotropic, irrespective of its highly anisotropic puckered structure. This weak anisotropy is due to the opponent behaviors of the twobody interactions and the three-body interactions during the bending process. More specifically, the two-body interactions enable larger elastic bending modulus in the zigzag direction, while the threebody interactions support weaker elastic bending modulus in the zigzag direction. The interplay between the two-body interactions and the three-body interactions weakens the anisotropy in the elastic bending modulus for the single-layer black phosphorus. Few-layer black phosphorus (BP) is another interesting quasi two-dimensional system that has recently been explored as an alternative electronic material to graphene, boron nitride, and the transition metal dichalcogenides for transistor applications 1-3 . This initial excitement surrounding BP is because unlike graphene, BP has a direct bandgap that is layer-dependent. Furthermore, BP also exhibits a carrier mobility that is larger than MoS 2 2 . The van der Waals effect in bulk BP was discussed by Appalakondaiah et.al.
Few-layer black phosphorus (BP) is another interesting quasi two-dimensional system that has recently been explored as an alternative electronic material to graphene, boron nitride, and the transition metal dichalcogenides for transistor applications [1] [2] [3] . This initial excitement surrounding BP is because unlike graphene, BP has a direct bandgap that is layer-dependent. Furthermore, BP also exhibits a carrier mobility that is larger than MoS 2 2 . The van der Waals effect in bulk BP was discussed by Appalakondaiah et.al. 4 First-principles calculations show that single-layer BP (SLBP) has a band gap around 0.8 eV, and the band gap decreases with increasing thickness. 2, 5 For SLBP, the band gap can be manipulated via mechanical strain in the direction normal to the BP plane, where a semiconductor-metal transition was observed. 6 The single-layer BP has a characteristic puckered structure, which leads to the two anisotropic in-plane directions.
As a result of this puckered configuration, anisotropy has been found in various properties for the single-layer BP, such as the optical properties, 7-9 the electrical conductance, 10 the mechanical properties, 4, [11] [12] [13] and the Poisson's ratio.
12,14,15
The rippling phenomenon becomes unavoidable in lowdimensional materials, like the SLBP, as the elastic bending modulus is normally quite small for these one-atomicthick structures. Graphene has very small bending modulus (around 1.4 eV), [16] [17] [18] so it is a highly flexible structure and its properties can be manipulated through bending or bending induced strain. However, the bending phenomenon should be avoided in some graphene based electronic nano-devices. In such situation, the elastic graphene can be sandwiched by other two-dimensional materials with larger bending modulus, 19 such as the MoS 2 with elastic bending modulus around 9.61 eV.
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Although the elastic bending modulus plays an important role for the two-dimensional material, the value of the elastic bending modulus for the SLBP has not been predicted to date, which is thus the focus of the present work.
In this paper, we use the molecular mechanics method to study the bending process for the SLBP. The elastic bending modulus is found to be 112 eV in the zigzag direction, which is slightly larger than 106 eV in the armchair direction. A further energy analysis shows that the two-body interactions support larger elastic bending modulus in the zigzag direction, but the three-body interactions prefer to have smaller elastic bending modulus in the zigzag direction. As a result of the interplay between the two-body interaction and the three-body interaction, the obtained elastic bending modulus in the zigzag direction is only slightly larger than the armchair direction. Fig. 1 shows the structure of the SLBP. Fig. 1 (a) is the top view for the SLBP of size 34.5 × 37.5Å. Armchair and zigzag directions are depicted by two arrows. We compare the elastic bending modulus calculated from the bending of the SLBP along armchair and zigzag directions. Fig. 1 (b) illustrates the bending process for the SLBP in the armchair direction. First, a geometrical bending is imposed on the structure for a given curvature value. This bent structure is then optimized (i.e., energy minimization). The left and right ends are fixed during the optimization process, i.e., their structures are not relaxed. The periodic boundary condition is applied in the other in-plane (zigzag) direction. The structure optimization is realized through the conjugate gradients approach implemented in GULP. 21 The interaction between P atoms is described by the Stillinger-Weber (SW) potential.
15 This potential has successfully described lattice dynamics properties and some mechanical properties for the SLBP. In particular, it can capture the negative Poisson's ratio phenomenon, which is related to the puckered configuration of the SLBP. Fig. 1 (c) shows similar bending process in the zigzag direction for the SLBP. κ ∈ [0, 0.005]Å −1 is the bending curvature. We find that the elastic bending modulus is 106 eV and 112 eV in the armchair and zigzag directions, respectively. These values are one order larger than the value of 9.61 eV for the single-layer MoS 2 20 , or almost two orders larger than the value 1.4 eV for single-layer graphene. [16] [17] [18] It is quite surprising that the elastic bending modulus only has small difference (about 5.3%) between the armchair and zigzag directions, considering the anisotropic puckered structure of the SLBP. For other mechanical properties, like the Young's modulus, the value in the zigzag direction is more than twice of that in the armchair direction.
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To further investigate the weak anisotropy in the elastic bending modulus, we examine the interaction term by term in the SLBP. The total potential energy within the SLBP is described by the SW potential with five in- dividual terms.
15 Fig. 3 illustrates these five interactions using two puckers. Atoms 1-6 are in the left pucker, while atoms 7-12 are in the right pucker. Atoms are grouped into the top and bottom groups. The top group contains atoms 1, 2, 3, 7, 8, and 9. The bottom group includes atoms 4, 5, 6, 10, 11, and 12.
V 1 , V 2 , and V 3 are two-body bond bending interactions, while V 4 and V 5 are the three-body angle bending interactions. Red and blue springs in Fig. 3 display representatives for each potential term. In particular, V 2 was referred as the cross-pucker interaction, as it couples two neighboring puckers. Fig. 4 shows the bending energy density W i from each potential term V i at the bent structure that has been optimized. The total bending energy density W is obtained by summing up the contribution from each potential terms, i.e., W = 5 i=1 W i . Fig. 4 (a)-(c) show that, for all two-body interactions (V 1 , V 2 , and V 3 ), the bending energy density is larger in the zigzag direction, so the two-body SW potential terms support larger elastic bending modulus in the zigzag direction. More specifically, V 1 makes the largest contribution to the bending energy density, so this term dominates the elastic bending modulus of the SLBP. That is also the reason for the larger elastic bending modulus in the zigzag direction as shown in Fig. 2 , as V 1 supports for larger elastic bending modulus in the zigzag direction. Fig. 4 (b) displays that W 2 decreases with increasing bending curvature in the armchair direction. It means that V 2 tries to bend the SLBP in the armchair direction, which becomes more obvious in the SLBP with free edges in the armchair direction. 15 The bending energy density shown in Fig. 4 (c) is neglectable as compared with other terms. It is because the corresponding potential term V 3 associates with the bond 1-4 in Fig. 3 , which is almost not affected during bending. Fig. 4 (d) and (e) show that, for both three-body interactions (V 4 and V 5 ), the bending energy density is smaller in the zigzag direction, leading to smaller elastic bending modulus in the zigzag direction. This effect is opposite to the two-body interactions. As a consequence, the elastic bending modulus is larger in the zigzag direction, as the bending process is dominated by the V 1 potential term, which supports a larger elastic bending modulus in the zigzag direction. However, the anisotropy is considerably weakened due to the counteraction between the two-body and the three-body interactions during the bending of the SLBP.
To summarize, we have investigated the elastic bending modulus for the SLBP, using the molecular mechanics approach. We found that the elastic bending modulus in the zigzag direction is larger than the armchair direction. However, the anisotropy is weak, only around 5.3%. It is because the two-body interaction favors for a larger elastic bending modulus in the zigzag direction, while the three-body interaction supports a smaller elastic bending modulus in the zigzag direction. The interplay between these two opposite effects significantly weakens the anisotropy for the elastic bending modulus of the SLBP.
